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ABSTRACT: Results are presented of a computer simulation of the flow

induced in a Plexiglass (PMMA) rod by a charge of tetrol. The charge

and the rod are the standard donor and attenuator of the Naval

Ordnance Laboratory Large Scale Gap Test (LSGT). The computations

provide a better understanding of the flow and hence of phenomena

which have been observed in PMMA rods during calibration studies of

the LSGT. They also give data on the shape and duration of the

pressure pulse (in the PMMA) which is transmitted into the acceptor

explosive in the LSGT. Such data are needed in the study of shock

sensitivity of explosives.
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SECTION 1

INTRODUCTION

The NOL gap tests have long been employed for characterizing "high" or detonating

explosives. In such tests one usually observes the limiting gap for detonation in

a rece-tor by th,. shock wave transmitted from a donor charge through a condensed

inert medium. Due to the complex shock wave motion and the short duration of
the gap test, a complete underEtanding of the test is difficult to ohtain experi-

mentally. For a more detailed understanding of the phenomenq in this type (,f
test a numerical simulation of the test should be of value. T'±' report, prepared

under Contract N60921-69-M-2003 for the Naval Ordnance Laboratory and partially

funded under Honeywell corporate funds, summ,--izes the results of the numerically

calculated flow in the simulation of the NOL regular card gap test.

The regular card gap test consists of a 2. 0-inch-diameter cylinder of Plexiglas

(PMDA) which is shocked by a charge of tet-yl 2. 0 inches in diameter and 2. 0

inches long. It is described in References 1 and 2. In the course of calibrating
the test, several interesting phenomena ar observed. One of tnese is the "bump

in the plot of shock velocity, Us, versus the distance from the interface. This

phenomenon is observed between 20 and 40 mm from the interface betweŽen the

explosive and the PMMA. Another interesting feature of the f-low in tiie PMMA

cylinder is a discontinuity in the curvature of the snock front which is observed

at about 25 mrn' from the interface. Still another interesting feature of the flow

is a sharp decr-'ase in magnitude of the slope of the pre.,s-r'e a,: th-c shock front

versus distance from the interface.

The purpose of the project reported here was to dynamically simulate the explosiv,-

leading of the PMMA and give, at least quilitative, tlheor•.tical understanding of

the variois phenor.-rna observed experimentally. This report summarizes this

simulation conducted with a " trancian strength of materials code called H."M

(Reference 3).

1
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The results presented here do indicate a., qualitative understanding of the

phenomena and are thus encouraging considering the size of the effort involved.

However, it is felt that they tall short in several respects. First, the study

shows that if it is desired to obtain detailed quantitative information of ffects

such as abrupt changes in radius of curvature of the shock front, it will be

necessary to zone the calculations much finer.

Secondly, if the simulation is to yield detailed aspects of inflt-ctions in flow

quantity graphs and the like, more comprehensive equation-of-state data should

be obtained. In this regard it is believed that more detailed information on

failure must be obtained befo~e that complicated phenomenon can be completely

under-+-od. In the last analysis, it must be said that there remains the possi-

bility that a more time-consuming search of the voluminous data produced by

this simulation could possibly yield new discoveries unnoticed by these authors.

2
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SECTION 2

THE HEMP CODE

The HEMP code is a Lagrangian hydrodynamice-elasto-plastic code developed

at the Lawrence Radiation Laboratory by Dr. Mark Wilkins and discussed in

Reference 3. The basic equations of motion are presented in what fof.lows:

Equations of motion are in x-y coordinates with cylindrical symmetry about the

x axis. (It is desirable to have the problem formulated also in plane x-y coor-

dinates; for this case the terms marked are set = 0.

a &x+ 0 -'r Tx 3T + + .ý
Sxy +y 1 ,

Sxx= Sxx - (p +q), -ry Syy (p+q), Lee See - (p+q). (2)

Equations of continuity:

V _ , E + y __ (3)v x • -7 "

Energy equation:

E -(p -I) V V(S S s (4)

Artificial viscosity (quadratic "q"):

Z) 0 (
q = Co 0 ° 'i " .-1 (5)

,..wi C0 = con. ant. A zone area, and Jz reference Insitv

3
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F~qa•tIon of state:

s •x 2p.(C Ay-l/3 V/V)+ 6yy,

stress components YY 2L(C-1/3ViV)+ (6)

see 0 2(CO2( -e-li/' V/V).

Txy =(xy) + 6xy,

where ji shear modulus and 6 = correction for rotation.

xx 1

velocity strains (7)

Hydrc static pressure:

2
p a(n-l)+ b(T-l))S c(1' + dn E. (8)

r 1I/V .: p/p°

Von Mises yield condition:

(sl2 + s22 + s - 2/3 (Y 0 (9)

where Y = material strength and (Sl, s2, s 3 ) are the principal stress deviators.

I
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Notation:

x, y space coordinates Cxx, C yy C... Cxy strains

x velocity in x direction p hydrostatic pressure

y velocity in y direction V relative volume

;x' Z, Zoo total stresses E internal energy per
original volume

T shear stress p densityxy

sx, s, s 0 stress deviators

The dot over a parameter signifies a time derivative along the particle path.

The finite difference equations solved in the HEMP code are based on the

integral equations

r F(fi " NdS

6x limA-_)

^ A (10)
F(n j) dS

6y lim oA-0

where

C = boundary of area A Y

S = arc length

n = normal vector
t = tangent ,. ctor X

As such they yield more accurate expressions, especially in cases of high grid

distortion.

5
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SECTION 3
EQUATIONS OF STATE, ZONING AND INPUT DATA

CONSTITUTIVE RELATIONSHIP FOR PMMA

Hugoniot data listed in the contract and discussed in Reference 2 gives the

shock velocity versus particle velocity as a piecewise linear function

Us= S0 + S1 U (11)

with

(S) { .25) for U 0 0.05 0.85) forU <0.05

with velocity measured in centimeters per microsecond. This yields, via

the Rankin-Hugoniot equations,p2

PH 0s (12)
1 - S1, m

m+l

S1.185gm/cm3 , m=p/po - 1 (13)

( : . for p -0.02, (.8 5 )forP < 0.02 (14)

wherePH (p) is the Hugoniot pressure and P0 is the initial density of

PMMA. Pressure is measu, ed in megabars.

7
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The piecewise linearity of the shock velocity-particle velocity plot yields a

discontinuity in the derivative of pressure with respect to density along the
Hugoniot. This discontinuity shows up on isentropes as well, and thus

affects the sound speed. Such discontinuities in sound speed cause separations
in rarefaction wares. The pressure Hugoniot curve is shown in Figure 1.

It is well known that the isentropes for plastics diverge rapidly from the
Hugoniot. Thus some energy dependence is required in the equation of state.

For ou, simulations the general form of the Mie-Gru neisen equation.

P " PH (PI - p [E - EH (0)] (15)

was chosen. Here y (p) is the Gruneisen ratio, E is the specific internal

energy in megabars - cm3/g2 , 7 is the specific volume, p is the pressure

in megabars for states not necessarily on the Hugoniot, and E (p) is the
H

Hugoniot specific energy

IPH (P)( m

EH(P) - 1 +m (16)

From the viewpoint of material physics it is most appropriate to view

Equation (15) as a first-order expansion of the pressure about the Hugoniot.

Thus

(E P)I PH (P)) TI"•p -ly PHp
3 P ( P)

With this interpretation, y(p) does not necessarily have the statistical mech-

anical identity of the analogous quantity in Gruneisen's original work on metals.

8
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Since the appropriate value of y for PMMA was not available from NOL
sources, data for Lucite from Wilkins was used. This value is

y = 0. 6 (18)

With these values inserted in Equation (15) the equation of state becomes

p = A(p) + B(p)e , c = p0 E (19)

with

B(p) =2 2;.L (20)Po

A(p) = pH(p) [1 - 1/2 (0. 6) (p/ p0 - 1)] (21)

The material's strength in tension, Yo ,was taken from the data of Keller

and Trulio (Reference 5):

Y 1 kb (22)
0

The material was allowed to flow plastically after yield. The shear

modules of elasticity, p., was taken from the Handbook of Physics and

Chemistry,

S= 0. 0 143 (2 3)

EQUATIONS OF STATE FOR TETRYL

A gamma-law equation of state was used for tetryl with the detonation velocity.

D, and the initial density, Po' given by
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D = 0.72 (24)

p = 1. 51 (25)

Since the gamma law is a three-p~irameter system, additional information is

required. This was supplied as the initial chemical energy Eo of tetryl,
given by the data of Donna Price (Reference 6) as

E = 0. 0438 (26)

The constant y (the polytropic index) is then determined by the equation

2 0. 5D2  (27)

y = 2.63017266 (28)

Equation (27) is derived under the assumption that the detonation products

expand from the Chapman-Jouguet state along an isentrope given by

PCJ
P : -Y • (29)

While this system gives the correct detonation velocity, initial density, and

energy release, it does not neccessarily yield the correct Chapman-Jouguet

pressure and density. It is however self-consistent and satisfies the Rankin-

Hugoniot equations and the Chapman-Jouguet hypothesis. The self-consistent

values of the Chapman-Jouguet density p , and pres:sure PC,, are then given

by

11
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e i = ' CJ 2. 0841068 (30)

PCJ = + D- 0.2156327186 (31)

Finally, the p, T, E equation of state is given by

P, "(32)

This equation does not result from the previous assumptionJ. It requires

in addition the assumption that all isentropes from the detonation Hugoniot

are polytropic with the same polytropic index y(i. e., of tb1 form of Equation

(29) with the appropriate scale constant).

It is the opinion of these authors that better detonation dat2. could be obtained

if the measured value of the Chapman-Jouguet sound speed could be obtained.

This together with the constants p0 and D would then deteri -ine the Chapman-

Jouguet state. If, in addition, purely mechanical data on the expansion of the

detonation products were available - for example data like that U' Lee, et al.

(Reference 7) - then the detonation and detonation products would ie determined

by purely mechanical means. At this time no such data exists.

Finally it should be stated that the detonation is simulated by an energy dumnp

method (see Reference 3). This method gives the correct detonation speed

but fails to give a detonation pressure as high as that given by Equation (31).

This point will be discussed later in this report.

12
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PROBLEM ZONING

The configuration simulated (as shown below) was a 4-inch-long, 2-inch-diameter

cylinder of PMMA shocked by a 2-inch-long, 2-inch-diameter cylinder of t'etryl

which was initiated centrally at the end. The computation was carried out using

14 zones per inch (both radially and longitudinally). This resulted in 1. 176

zones. The data storage and computer program together filled the core storage
of the Control Data Corporation 3600 computer with 131, 000 words of memory.

This computation was carried out to a simulation time of 32. 5 microseconds which

corresponded to about 1. 5 hours of computer time.

1 in. Tetr.,l PMMA

-2 in, 4 in.

Detonation Center

13
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SECTION 4

COMPARISON OF SIMULATION
WITH EXPERIMENTAL RESULTS

Comparison of the rejults presented here with the experimental results or

results obtained elsewhere requires an explanation of how the graphs were

obtained. For computational purposes, the zero of axial distance was taken
to be the beginning of the tetryl. Thus, the interface between the tetryl

and the Plexiglas w-s at 5. 08 cm. Results, which are presented in such

reports as NOLTR-65-43, place the zero of axial distance at the interface

of tetryl and Plexiglas. Therefore, a distance of 5. 08 cm had to be sub-

tracted from axial distances presented here in order to compare them

with axial distances presented in NOLTR-65-43. Also, zero time in reports

such as NOLTR-65-43 is taken as the time .-;hen the shock enters the

Plexiglas. For the results presented here zero time was taken as the time
when the detonation was initiated in the tetryl. Determination of the time

when the sL.ck enters the Plexiglas in the numerical computation is resolved

only 'o within tihe time step of the computation. From the numerical results,

the shock entered the Plexiglas in the time interval of 7. 0 "sec to 8. 0 4sec.

Rather arbitrarily, a zero time for the shock to enter the Plexiglas was

taken as 7.25 •'ec. This was done so the numerically obtained shock loca-
tion versus time curve initially coincides with that given in NOLTR-65-43,

Table A2. An explanation of how each graph was obtained follows.

14
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SHOCK LOCATION VERSUS TIME

The numerical computation was carried out using the Q-method (Reference 3).

For this graph (Figure 2), the shock location was defined as the position of

maximum Q4 The zero of the numerical results has been adjusted so a

comparison with results from NOLTR-65-43 can be made. The zero adjust-

ment of the numerical results has been made by subtracting 5. 08 cm from

each axial distance and 7. 25 4sec from each time.

NUMERICAL"• i

4--

-4OLTR 65 -43i

0 2 4 6 S 1in 12 14 16 .8 20 22 24 26

TIME

Figure 2. Shock Location versus Time

This method, which seems to be part of the folklore of numerical hydro-
dynamics, gives very accurate results (dependent only on the problem
zoning) when checke-1 against one-dimensional problems with known analyti-
cal solutions.
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PARTICLE VELOCITY AT SHOCK FRONT ON CYLINDER AXIS

In this graph (Figure 3), the shock front for the numerical results was de-

fined +o be at the point where the particle velocity is a rnaxirn1 um. This

graph is then a plot of maximum particle velocity in the shock versus axial

distance. The zero of axial distance has been adjusted by subtracting 5. 08

cm from computational values in order to compare the results with those of

NOLrR-65-43.

Since it is well known (see Reference 8) that all flow quantities overshoot

their true values when the Q-method is used, these results should be some-

what high, which they are. A more accurate method of the determination of

the particle velocity of the shock front would involve some averaging. Since

such techniques are somewhat subjective this was not done, Such a technique

is, however-, recommended for final evaluation of this data.

3.201 V I

0.6 _

0.12 --- I -.. . . .

II

0.10 -......

A.~60a LTM 65- 43 -N
0i.0 - TAKE 4 -

0.042lU~T

0 3 4 5 a 9 10 11 12
M.IAL DISTAVE cm

Figutre 3. Particle Velocity at Shock Front on Cylinder A,:zis
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SHOCK SHAPE

The shap? of the shock was defined here by the position of maximum Q. These

graphs (Figures 4, 5 and 6) are thus a plot of position of cells of maximum Q
in the shock. No zero axial distance adjustment was made. Figure 32 in

Reference 4 shows an apparent discontinuity in the radius of curvature of

the shock wave between 20 and 40 mm in the Plexiglas. Examination of

Figures 4. 5, and 6 does not conclusively demonstrate such behavior. It is

the opinion of these authors that finer zoning could add much to the resolution

of the problem, since the size of the phenomena in question is comparable

with the current zone size. Again, some smoothing of the data would be

helpful. This was not done because of the subjective nature of such analysis.

It should be mentioned that an abrupt decrease in the radius of curvature

of the shock wave would be expected when the outside of PMMA material

rarifies through 20 kb. . At this point the sound speed would decrease dis-

continuously, and sound signals would thus drive the shock wave with less

strength. No attempt was made in our data analysis to correlate pressure

levels with the observed discontinuity.

TIME 8.0 ,SEC TIME 9.0 ySEC TIME 10.5 oSEC

2.81 . . . 2.8 [ -- 2.8

2.40 -. 2.04 2.4

2. 2.0 2.at a

I. .. .; . . . . . . . . . .0.8 - - 0 .8 -- -0.8 . . . .

0. - 0.4 -- o•

0.4" .. .. 0.4 . . .. 0.4 .... . .

0 3 0 -0

4.8 5.2 5.6 6.0 5.0 5.4 5 8 6.2 6.0 6.4 6.• 7.2

AMCAL DISTANCE cm

Figure 4. Shock Shape at 8, 9, 10. 5 11sec
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TIME 11.5 ,SEC TIME 12.5 gSEC TIME 13.5,SEC
2.8 2.8 - ---- 2.8

2.4 - 2.4 ----- 2.4--- ---

2.0 -- 2.0 -,-.-- ------ -

1. .2 1.2 - 1.2

0.8 0.8 0.8* S

0.4 - -0.4 0.4

G 0 0L 1
6.2 6a6 7!0 7.4 7.0 7.4 7.8 8m2 7.2 7.6 8.0 8.4

AXIAL DISTANCE cm

Figure 5. Shock Shape at 11. 5, 12. 5, 13. 5 ýlsec

TIME 14.5 ,SEC TIME 15.5 ISEC TIME 16.5 •SEC

2.4 2.4 2.4

2.0 -- 2.0 - . .. . . . 2.0 - - -- - -- -

-.6 1.6 1__.6 ..

1.2 1.08.2 1.2 . 6.8. .

Fiur . hokShp at1.5 1.5 3.5t'e

0.8 0.8 0.8 ..2.

2.4 0.4 - -•- 0.4

0 ,

7.6 8.0 8.4 8.8 8.2 8.6 9.0 9.4 8.6 9.0 9.4 9.8

AXIAL DISTANO"E cm

Figure 6. Shock Shape at 14, 5, 15. 5, 16.5 isec
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PARTICLE VELOCITY

Due to the zoning of the problem, the location of particles of interest did

not fall on zoned interfaces. Thu3, particle velocities for particles

between interfaces had to be determined by interpolation. In Figures 7

through 21, the particle velocities at tht interface on either side of the

location of interest are plotted. A linear interpolation is made between these

points to determine the particle velocity at the location in question. No zero

time adjustment was made. No attempt was made to correlate particle trajec-

tories with elasto-plastic wave motion.

0.18 1 -__ __ __

0.16

0.14,

p0.12

0.10 -.-- __ _ _ __ ___

0.08 - ..
I-

A.0.06 -- -- _ __ _ ____ _ _ _ _

0.04 - - - -------- --- ---- _ _ ___- - _

0.C2? - I -

6 8 10 12 14 16 18 20 22 24 26 '8 30 32

TIME mc

Figure 7. Particle Velocity -;'.rsus Time (ipitial axial
location - 0. 5 cm)
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0.16 -

0 .14 .. . . . - . - -- . . ..... ..

0 .12 l

00o - -o--___ ___ ' __"-

00.06 - 1__ - - - -

0.04

0.02 -

0 2
6 10 12 14 16 18 20 22 24 26 28 32

TME •

Figure 8. Particle Velocity versus Time (initial axial
location - 1. 0 cm)

0.18 [

0.16

0.14 -2 4 ....... . .

.10\

0.04

0.0 _- I

8 10 12 14 16 18 20 22 24 26 28 30 3?
Tn Out

Figure 9. Particle Velocity versus Time (initial arial
location - 1. 5 cm)
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0."18 - -

0.1 _ I

0.14 --

0.12 4-

0.04-

0.02o I
8 10 12 14 16 18 20 22 24 26 28 30 32

Figure 10. Particle Velocity versus Time (initial axial
location -. 2. 0 cm)

0.10

0.16-

0.14 -

0.12

0.0c - - ____-

a 10 12 14 16 18 20 22 24 26 28 30 32

TItl 0-,

Figure 11. Particle Velocity versus Time (initial axial
location - 2. 5 cm)
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0.18 - -

014 - .

0.12 __ __

0.10 ...

00 --

a 10 12 14 16 1s 20 22 24 26 28 30 32

Figure 12. Particle Velocity versus Time (initial axial
location -3. 0 cm)

0.12 . . . . . . . . ... .

0.101

o, - _ ...... i...- -

0.04 _ _ _ _ _ _ - _ __ _ - _

0.02___ -- i-
a 10 12 14 16 is 20 722 24 26 28 30 32

TIW omw

Figure 13. Particle Velocity versus Time (initial axial
location - 3. 5 cm)
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018 r -

0.16 . . . .... -

0.41 -

oH -.- - - - -

0.04- -

8 10 12 14 14 is 20 22 24 26 28 1 0 32
rfh mp

Figure 14. Particle Velocity versus Time (initial axial
location - 4. 0 cm)

0.1 -2 - - V .

•!0.08| ,

01- - --- 1 -. . . .

4 12 14 1- - . " 2 24 76 7--• -- 2

TUE p w

Figure 15. Particle 0elocity versus Time (initial axial

location - 4. -cm)
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0.14 ...--.

0.1A

,. _J -iH

| l 1 1. 1 182022•124 24 20 3032

lT m

Figure 16. Particle Velocity versus Time (initial axial
location - 5. 0 cm)

0.14---- - _ _

I* 1- 14 16 Is -2 ___4 A 298 310 1

Figure 17. Particle Velocity versus Time (initial axial
location - 6. 0 cm)
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Figure 18. Particle Velocity versus Time (initial axial
location - 7. 0 cm)
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AXIAL PRESSURE DISTRIBUTION

This graph (Figure 22o is typical of the axial pressure distribution across

the shock front in the Plexiglas. It shows the shockwave and following

rarefaction wave. Similar plots of the detonation wave in the tetryl indicated

similar behavior. In that case, peak pressure values did not reach the

Chapman-Jouquet value due to the extremely sharp (infinite derivative) de-

crease of the flow quantities from the Chapman-Jouquet values in the spherical

Taylor wave, as discussed in Reference 9. Since peak shock values tend to

smooth out in time, it is believed that the shock values in the Plexiglas may be

quite accurate. Figure 23 tends to confirm this belief.
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Figure 22. Axial Pr;-s;,ure Distribution at the Shock Vr-rint In tl,( 1PMMNA

- a



NOLTR 69-219

AXIAL PRESSURE AT SHOCK FRONT

In Tiis graph (Figure 23) the shock front was defined to be at the location

where Q is a maximum.. A zero axial distance adjustment was made by

subtracting 5. 08 cm from each of the numerical computed axial distance.
Peak values of pressure which follow the shock front as defined above were

plotted as the true pressure values at the shock front. It is the opinion of

these authors that sin.mulations with finer zoning would be required if a

conclusive comrparison of shock pressures were to be made. This is espe-

cially true in the region from 0 to 4 cm.
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0.16 ______-~
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0.06 -- ----- _
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Figure 23. Axial Pressure at Shock Front
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SECTION 5

DETAILED DISPLAY OF THE FLOW DYNAMICS

A detailed display of the flow dynamics was prepared in the form of Calcomp

pen and ink plots of the flow field quantitiesi. Because of their bulk, these

are gathered in Appendix A as Figures Al through A21 (representing the 21

simulation time interva'.s selected for plotting in the range from 0. 01 ilsec

to 32. 51 ýLsec.

Figures identified by the letter (aW, e. g. Figure A 1(a), are plots of the

Lagrangian grid. The letter (b) following the figure number designates plots

of particle velocity, and (c) indicates plots of the direction of maximum

principal stress, with stress being measured positive in tension. These

figures indicate regions of particular stress patterns, and should be compared

qualitatively with the framing camera pictures of material failure in Refer-

ence 4. As discussed pr-viously, the material was allowed to flow plastically

at the yield strength after yield. For materials such as Plexiglas which fail

due to brittle fracture it may have been more appropriate to set all the

deviatoric stresses equal to zero for the remainder of the calculation, and

set the pressure equal to zero until the material compresses again, if it does

compress again. This would not substantially affect the particle velocity.

Figures with the letter (d) are isobar pihts. Some indication of shock curva-

ture can be obtained from these. Since rarefaction wave fronts are character-

istic surfaces of the partial differential equations of motion, (i. e. , they are

surfaces along which the space and time derivatives of the flow field have

discontinuities), isobar plots should have discontinuous slopes at a wave

front. The computation performed did not have sufficient resolution to indi-

cate such wave fronts. In examining the isobars of Reference 9 such wave

fronts are visible. Those calculations rvere of course done with much more

resolution. This again is another indication that finer zoned simulations

would be desirable.
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Finally, figures with a letter (e) indicate directions of maximum principal

strain rate weighted with the magnitude of the local artificial viscosity.

Such plots indicate positions of shock and detonation waves.

All graphs are labeled with the number of computer integration cycles

(NCYCLE) and the simulation time (TIME) measured from the time the

charge of U¢tryl was initiated.

It should be remarked at this point that all of the Calcomp plots give visual

aid in understanding the flow, but do not replace the exact quantitative

information available from the computer printouts. Indeed, the Calcomps

should be used in conjunction with the printouts for future quantitative

evaluation of the simulation.
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SECTION 6

CONCLUDING REMARKS

Results of the simulation of the shock loading of PMMA have been presented.

It is felt that more subjective analysis of the data, which would include such

things as smoothing and interpolation, would be helpful. But, since these

analyses are subjective, they were not done here. Beyond this it would be

extremely helpful to simulate Lhe configuratLon wit' finer zoning. For ex-

ample, the shock loading at the PMMA interface could be simulated with

very good accuracy by using the analytical Taylor wave for that portion of the

"detonation head" which is bounded by the leading edge of the detonation, the

lateral rarefactions, and the rarefactions from the rear. This part of the

detonation wave would be put into the code as an initial condition. It would

give very accurate information for that part of the flow which is determined

by the appropriate domain of dependance.

A separate simulation of the total event, done with resolution at least

double that used here would then determine events farther removed from

the interface. This would probably determine these events as accurately as

much higher resolution simulations, due to the lack of memory of hydro-

dynamic events. Finally it is recommended that a serious study be con-

ducted on the fracture of PMMA. Such a study would involve the simulation

of several constitutive models for PMMA.
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APPENDIX A
CALCOMP PLOTS OF THE FLOW FIELD

QUANTITIES AT VARIOUS TIMES

The Calcomp plots shown in Figures A1 through A21 are identified

in the following manner:

Shown on the face of each plot are the number of com-

puter integration cycles (NCYCLE) and the simulation

time (TIME) measured from initiation of detonation in

the tetryl.

Parenthetical letters following the figure number, e. g.

Figure Al(a), indicate plcts of:

(a) Lagrangiaii grid

(b) Particle velocity

(W) Direction of maximum principal stress

(d) Isobars

(e) Direction of maximum principal strain rate weighted

with the magnitude of the local artificial viscosity

All figures do not necessarily include the adll range of plots, (a)

through (e).

Al



NOLTR 69-219

m -i

It -4.---T 7

4-4:

A 2



NOLTE 69-219

- TOTR1L4-PJV1 ýNTCLL 5ITIN 3.01

Fiur , .a

- I- . A3



NOLTR 69-219

4X~~4- -- -- --

1-7

--- ---- -----

.. . . ... .. ..

-1.................... ,.I. . .....
its



NOLTR 69-2191

t~pe u :i W.

44

Tn I

t~tl

:ýt!n _fi ;.
z- v. - -7-

.. If-
T",m .~. - .. S.

n.-I

:A ... ... ... ... ...nil



NOLTR 69-219

i F'
...................................

f.4

14 -I--T: 7'i
~ x~i~~ * IL

WWLLW~kI LIWa

-40 I00 t0

ilga ( A7' -(e)

4A4



NOLTR 69-219

KiIi.. ... .. F 1

I . .... . ..

im Eac .41

...... 0 7O .0 *.0j.C 1.0 1.0 ~ 0 ~ 0

l YKe 3e

.. ..... .. .. ... ...



NOLTR 69-219

... .. ... .... A

TI M

7,-i-- I - j

Ir-l 1 T--

...... ...... .... .......................

T: 71 . ......

T, ......

.~ 78



NOLTR 69-219

.411

t~ If

I It Mg vSU

JIM. 1-4.{~ 2...-

# I'

I il ui!4G

rt11



NOLTR 69-219

I tl 11;
lilt 111,0141111 Mltil" 1 ''UP" It,! 1114 11

!:,I liltit
It :AHht

. .. .... ... ....fl, It

tIlIMMUSH

it

tiit 
Im

iý! i;ý !iý;

P
7..... ..... .....

q:
ý::77 ...........

-ýT 7
IN

4.

-7-
.:T ... . ...

iii HMO

.......... .

-7T
T-T .... ......... ....... .........

7f7- 7
7:. -:7-

... ...... ....

T ...... ....... ........

FAML

no - )ý I 
.. :ý

a. Uri I CL L)o a 00 1 F- ()o

g-LI I e



NOLTR 69-219

K-ti -ý

f... ......

...... .. ~ ... ..

L I7

- ---- --- ---

O1 00



NOTLTR 69-219

A' - I

7 -7- -iTJi

.7T7..... 7.........

*14J 1 1:

ýLQQ



NOLTR 69-219

4 144 7! iir
K .~~~ ....7 ....Lj - ...- t

1- .. ..

4 1 T:.!

L +b-

tinfn

ý:24T.E
Itw

I\~ :. ;' ' :: F i

mil

-7r e\~h



NOLTR 69-219

T-, 7 7 1 j7-,717-

1 ;7

.4.9 17.41j4L4

.. .. . .. ..... .... . ...

.. ... . .. ) ..... ....

... .. ... .. ....



NOLTR 69-219

44M IM
I -17

it
17,.........



NOLTR 69-219

if l1L
.. .... .

. .. . . .....

..... ..

tr .+. ... .... .....
. ... .. ... . . - - -- .. .. . .

.. .....
.. . . . . - --- - - . . . ... .. . . .. . .

.. . . .. . . .... .. Z ~ .X .. . .... ~

..... .)k



NOLTR 69-219

7. V -:.



NOLTR 69-219

I flitTIN111, Sm Um M4 ONE im" HUI Mill RHIMill
OMMM I I I t Olf ............................ ......................... 1IN ! slis I I Flip ON I ................ N 1 :111NINIRNi

1; 
1 :

4 i4a fi -RIM ift, M114M

Hlý isi 'i I Hk 1 141 MY UP at,

iq' 01

WE 11

10M Off t-T1 4,411 M, NI-TH"Ni A It I;k w 000 Hap

4f V1W sHi

oil

"OUR RUH of i i i'M i

44 Or
U0111111111 MMUSIMN 5 1,441" iý;i PhiMITIMIN HN Is- 1 M Q MTMMTIN pI 4, i Hn 1 1-1- i ý F-1 ..'!:I! p i:: t -J A:::AJ::A1 ;::t!:t:H11: ss -, IT ..MI Hi ii

MI. M11140144B, 01ifils"', 1 j M
11111 it tR l i f T, I'q! i i j ji K i 1!! PL,

1 IN i R Mt i IBM 11 ... ... this I T.
t 11

.C. . KAPP 01

i If 11H s M 0 HMO is EMEM H ýiP :Ki
it MMM1 1, 'A Is: URI -41-ýýj"Milo =5

ri., i 
aq q.

IT. My, HIM 1 1 A

I MIT

tpý

AWA

Kid""

4m

.......... i.Tlý
im- d;

Figure AM)

A18



NOLTR 69-219

Ill RRIMOMI fill
ýlliq * ilil ýii; I " ; I ýý , I It 0 M11 fillM1411111141IN14,11 I P11MIN Ifiiii ;!ýl di3lli! it U ll f 1111 it jiýj 11"'HI li f!.1 i I, it ill i IN

i!U il it 'lit i:;: - p",TIT, F, T,In
Mi;

W,
it q i illi .1 4 "M

TM

t:411 ý;ii d Ill i t 

14-TI t,7i i 4t t 1.
lit Nif I :i: :i!: :i:: i il

lit 1 - R ul IMF,
.... ... M IT I,

I jut,

it WIfT

RH

77!-. 7:- t

:H t-

t lit, ill . .... .... ...

M

d ! Ell ...I ...I 
......... it

. ...... .... ....
lit

.. ...... .. t 4 14 1

"V .... ......... It

. ..I .......

.... ... .... ....
:t': :7':

7
-T, V.7 ::77--- -7 :L1

......
TIT.

t': '7 t'7! t!:: .... .. ....... ... ...

d F;
..........

!Hl t.i 7.",::

. . .... ....
"f4: f

:::I lit 111pi lit i

2. Ou 0() 6.00 00 10,00 '2. DO 14. DO 16-00

Figure. A6(c)

A19



WOLTR 69-219

Hm EFUEER

MEN WOOMMI: H1 Mmi it I
IT '11t W HER mu it till,

Of
tw

.1 mtv"Tur I R m id 1i

P Im NI

i1T MITIMP 1111' yo

1411ý. 
I F

P DUN N I ýj IN
y1i I lilt Ef

1th m! W1 H, 111011 1 Mr

ld no al

ol,
-JE"ito ýj

t t ii

M ilt id "M HTI `ýý

oil; q.
MIN:: Ott It-

It 14
................. 111 son M IST mg-i" 11

.............
i tilt yi i

nut

too
i i'! ln'i 7.sit 4.,7 ' , cupoilH

i N W!
wall

44 4ý7

ja

Eli,

i t i ý::i
tit ST I - , iý I i 'ý; kýý ý! 1T' Ii EA131,

lyi i ;I ii yii.:ii Am ? P I ýý I

00 -:L 00 CLOD 2.00 4.00 6-00 &.00 11LOO IXOD 14-00 1&00

x

Figure.A6(d)

A20



NOLTR 69-219

!! t l

........ ~ ..... ..&~~'F.~~1 I{14.,~+~L
hI+fKE ý6V 'sta t T.

:T7,* I4
I qt

71 ! 1r +L

lt 1 ý7I f~

Ii In ~ ~ + T7J1 ~~-i~ -t

L 4

j - I. f

-- -- .......- n -

LLO 20 00x no (.o )00 4.00 6.00 A.no 10. 00 11200 i'.OO 16.00

F igure A6(e)

A21



NOLTR 69-219

jr I~t 17174

M U 3111U t Y7i1 'IT:-
=I Mom' ~I fIMMM MM11- it I-M IU11IN; :2K

i..O -. D 0.0 00 LO G.0 LG 0.0 1.00 I'00 &O

Figue A7 (a

HIT 1! tit



mOLTR 69-219

'i fiklT1:!!

rr t

LL-71. .....
0.00 200 4.00 ~ .00 i.00 10.T

.. ... ... .. .



NoLTR 69-219

I tKMh lit

7r

1W4 F:7;
TM +I: i

-Iit

1.1 7 l: 7

-I M!

... I ... r. .......

:A2

.. ... .... j



?IOLTR 69-219

t 7

Aw:. J I

.a...... -4 -

. .... .. .....---- ---.. .. .-.. .. ...-.... ..

ip (il ilD



NOLTR 69-219

1.!; A= - t;ý: fý!i
.. .... .... ..

..... ... ...... .. ......
:T,

IN! tit: T- M!
.... .... .. ... ..

... . .......

.... .... .... .... .. .... .... ... 7

... ... 77::7 r 7

t:

. ... .... .... .. ..... .. ..
r:! 7ý b. w ...

A w

:.:4 .... .... ...... ... .. -r -H ,

.... .... ...... .... .... ..............
I .... .... .... I

. .. .... .... .
7:,: 7 ..... ....

.7 7 ..:!j4-

lit 
... . ...... 77, 

....... ý7:
. .... .......

.. .. ......

t

..... ... ..
I ......... ....... . .. .. ... ..

.. ............ ------- -

------------ ........ .........
-w.

A2;')



N('LTH 921

'177;

'I..' T. b+L

... .. .z r ...

..I . .. ......

_ _ 
-i 

;w j

...... ......



F NOLTE 69-219

It TPi24..1'111

........ F.. ...

i j t~. ..... .J -..

FT

-L7

7- 

-

% 1,

-- 5 1

S -. 0000 2.0 L.00 0.00 it) .00 10.(L00 ell 14- IOC 1600
0~2

Iligure A 8(b)

A28



NOLTR 69-219

......... 0

-, 717n
- ~~ ~ H ....41 ... .7:7..

14i~K:11; H** V;~

.. ... .. .

71-

.. .... .77 :4 --

Fj- ..... i-
+ I +

1~ II
7-7

- ~.-T:.
-I- 1-

I 11.j VA
- (~IT-. -7;II~

t4v-7:t

I I



NOLTR 69-219

.. .........

M tilt lit UlliHill; if qtt
oll Win I'llill it, 14

It t, I 11i, 11 p,

W ! if 1:11
NW, fit H

V4 jliiýI,,Ilill Nil !RlN It If it It

;;i lit it, ill ifi N.... ...... ;
fit lit i di HdHill;

Mt :lit

il :-;: ;; i; :i;l 
,Tf

0I

lilt iýli j!ý
Ulf

1 4 
H it

l'; i tit, !W Iiij: pl: lip ýfi! fl-!

NMI! MIT*

:5 il:l !!;I T:11 iiiitli TOI!
tit f;; ýpi I it it "i" it

,lit ITT:
RUN

T!-j

NM I Hi HP!, tl

NMI WAI '111111111 lit,
it i l:: 7

,!I it 
7

;lit t !j
lilt

W lit 11 t I.:t:w

L., 
f: 

-T7.,

Pill U LL
A:t;

1! 7+",

it Hi

!:I! t: lit
it it 1, ýýii ti!

t HR H
G. act 3-00 Ia. 00 x 00 1 IL 00 16.00

Hgure AM)

A30



NOLTE 69-219

;7 fs O It

ILLli'll j'I LLL14" 111
-~~t~oo 4~o lffff #0o INo a4o~v.o &~

IxT

Figur A8(e

.71



NOLTR 69-219

IRWIN
N fR IN *I'll It IN if '11H I 111411 Ill 111111illMl

fill U III it! I If: I I i I if i I i j "'I"
Ild lililli., !IIIIH1111111"k .... ii1i I IT I I I I I It

....... .... I I I a

t1111I "tit 4 it i lilt tit I it

Ill Rill Ili

to: it
I , 'tit

:141H 11H 1111" l l HI I "I i 1114" 111. fig 1 0 l'il liff i I xpl:
tiýq pi"T lilt jjI;j:j'j i

I i litt if tit; i ;t 1; it I.

t I H'i j I 1 11 i 1 !it !Illliii it'll ill i

1: .1 tit !;I I

tit I :tit 'I till 4
... tit 6 ; 1

'113 0 1'ýJjiijji T ti ti
i it fit H i Ell

1 4.1 ll it

tit li.I ii;

d!" !tit
i fit i lilt t'!tl It IIH tit tit IHT. i;+ ii i,:iI i "NIMil MHAMIN"', 1,11MIP diflitil I; fill t:!ý I Tt

It, j!41i iIf :.it li!.
lt lilt t!i ý1"tt I t "T Il it !;. ': It'll IfI tii -it t'

fit t;l !:tý it r: :1:1 :Ili tiq it i: ý I I '+ ;;: I 'I: ItIt
.4i 1 ni! ii:t :t
'it i.*l, i :1, !!ýt it F;!; i::ý: i':: 4F'ill: 1: 1 H: I Ili

tilt it

7 lilt M ! . . .41 i'tlt !!it ttItttitt ta

:;i: 
lit;

it i

. . .... ....

;im, ff 1 1:
F::

w o
.. ... .... ...

It,

.Z.1

11111,111111211111 L Ilia L I I a a I

lilt

'a-4100 2.00 0.00 2.00 4.00 CP. 00 3.00 1 M co 12.00 14.00 L& 00

x

Figur e A 9(a)

A32



NoLTR 69-219

... .............. .....
iltriliflillif 3 Ill faillf, S it I Aft'll lqqfl la:

tt xTtm
till

.. ......... all V III
111:1 J Ill M It

Him , till 11 P It Ili 4 ý I I it I I I
M lilt 11 it 1. It IT I W1 at I Me 0 J! A ll 1111111141

41'! 41 1 Lt i i 111, 1 E il I 1 111111 M lfi liýý I 1 11 1 TRUM ., -1 In, I I i, I I 'It H41 it Al-lit H 1 11IMNII 1! 19
HIND IR 1111111 TH; 1 tfi:i,; 11111 111iII.T1111 1111111 ltý111"twýivil:IR m u I1.1 t

1IM1110 ,111 Iii It it H 1101
". . 11 

jill .;
1! !IW;i it qI I A l 111111 M

'! T 11111f 111111111ill I
li;;'Wi till I I ilý i lilt; IfIll I IV

I taut t11! fit! itTflTi., jt.:ii Ill it iffilH14i hillI; lit :t ;d iWillilk; kit Id I;; lin , I 1IT"li TH. I

:1 i it 1, 1; lilt 11 vt 1111111 tqV : vim

U,ý

;li ;4 ill

4,H4141 till 't 1ý
,qfl;q lp-,ii'

it If +T
-W `b A -Ul iit- MULI M- M-V

iii: t",
It! T!U ili t:ý.ktililt -;TI -it' -i'M I!
i ;Lilt:

ItI=ill IIH ::I! ti:ý iliT i jii lilt 1-:11 IV

It
1 44+ Lill

il fit III, I 101".. .... ::I lilt t.. q-lit it-: 1 1* t!;; :: I g.1lilt ij .. ;; ý:
If

:1ý4 4ii :tt,

if: t:, t !ýl

it 

It 14. 1

Rx. I "IT4

:.Ii; At L

r 1+: It 1, it.

11 1-ý; 0 41`0 ic, olR t F.,;:t iiý.

-4.00 -1.00 rk.00 2.00 4.00 G.M 36M MOO 1100 A. 00 16.00

x:,.

Figure A9(b)

A33



NOUR 69-219

ED, out
D to IlHfi 41 MIN

Do 111111 It 14 If I
Imm WHI111 III tip

ED HIMIll I I M I H 1114 DO Hl
NJ Ifff i If mwmw 1 1. 1

IN 11 It' tint' 3111 UUM IN , !I11f, iHI 11. R H
I ffR Dol IN III If I !Oil 1111il 4 HH it 111H !W Mill 1111INHIi! +1 "'1", it 1:

1411 14ampff H 11 it Uii!t-l I P I 81i 18H m! HE, 4 K 101 P; -4Dioll RW I-tlmi fi - fý lfimmff 0 ifll I III lHil 11ý1 iii'l H1 ;;;IM11 I K -A t TOO limit It MMMM it Imita T FIFUT v 1111001111 N Nil HIHi!i HilkiP ýiii iiii HHIHN d"AH-111 INDIN a Elf 1111111111111 H PHI I 1ý11W !H A Hit 41111411141 HHmH A it:: 11HI111H ýInHl 1ý rillt mliliFiViTwl IT ýýi`r: I ::::::::: 1 1 1 It ilI END 131 it DR H, 1 it

#m4wW4 414#t IRMO AR It I I DBUT11411 m l fififi 1114111 W HI'ViTi-11iii iiii HIHH.,14 ... lii!V iF!1 iiiýiwf ii all PUT U .

malfwap, s it 1 Mlillim f rUff lot ;D DUPRIIH !NH 1 TH H HIN fm MIT;

IN it 14i;. ý!ii ow N U ji

i4O, it "S ;'HPNý Him ED I! MUMDEUPt p Ui iiiý iii;
f Via

N. P. IF Our

tot! ii4f!"'! lll,ýýl llff ýil iý3 1ý1 !'ii

ir J.-

not I I III: ific I I Sl 1:14 Im Iffill! HIMIIRR 90ý ýlil W,; i tip 1 iý
1w , 1 '10 Of ittip! 4111"Em V111,111DIA I WTI "111; HU M ill IN 5 Am

lot fw" 0 'It ii i!!! iýii !it p n;i ii: ýiý ptý pall'i, ýýit115HUNT 4L, Tiý, 4411 1, ` iill- '.411 MU m. Of "M lil ii!i f: 1i

T1% :RVI Np !N ilp-fill III Hlifir ýHý TiilHP 411 1 ii!Tý
fiTNET N 44l ý!!T pi :n, n:: n

it

A N n

..... . .........

f id! ýnik t`4 L'11ýL id il!
2.03 CL 00 ýL no IL 00 6.00 8.00 10.00 12.00 14.00 1 00

x

Figure A9(c)

A34



NOLTR 69-219

to Hýl ii!. kil 1 1 !Ill PHIP11111 1 Pir ... 1111 HE IM 111M
if fit 11'ý4.

04 iii! hii it P 4 f:::I ituii Tit
2M -.111 HUM M

"M HIS"

..... ..... f p i M 1"m

PH PH HUM A

77 LýJ .... ..

77 7.

t Aý A J iiý i ý fim .. ... . i ppp ip. P

.... ... ... ... ... ....

tot 
I . ...

.4 ...

..........

70

7 . .. ..... . . .

---------- tTJF_. I I -.1
A�

-T
TK 11 MIN

------------ -

_LILL HN ii-,+
IL 00 0-00 OC C.. 00 a. W, 10.00 12.00 ýL DO 16. Op

- Aý - 02

hicurv A!qd)

A35



NOLTR 69-219

1! i1

T~IM

N*
't~a 2.0 1.O ~ .C Z.O IQ00 2.~ LDV ý.O

Ligurc;\P(&'

:03



NOLTh 69-210,

aA

4i

T;:, _ _:

I fI T ,

t..j7 .1......--t

4LI

... .. ...

-- ---- - -------

12L1ail I WNW )

A37



NOLTR 69-219

. ... .... _ _ _ __.._

.. . . . ..

.... .... ... .... ..

-77 37



NOLTR 69-219

7. ii-.; :1 ::1

i%
44

.. T-- -7'

. .... .... .... ..

Pit

... .... ....

.. .... ....
Tir 

... ...

T:r
: f. ý: . ::;::: T' I .!: ;.:* :1 .*;4- .... .. ..... -i!:7; 1-

M i-t
rz nngtj, .:ma3-4;

4 4- :It: 1, ln-
.... ... ir :-1:

..........

P
. ... ... .. .... .... ........ .... ...

7j, 
Tiam I.. .... ... .. .

P. t; .... . .. ...

........ ..

... ...... Ti -

]7':-!- 7- 

.... ...

-4: t! it --7..

7 7 ............

q 1-77 3v

... .... ...

........ ... ... RUN*

.......... .. .....

-ioo 0-M
-01 x

F; gu re A I O(c)

A39



NOLTR 69-219

144

t !P it ix

47 IM 41T

IV.

Hi WIT I

Fig ur A 10(

fill0



NOLTR 69-219

- HP
lit 1 ::ii iiti

............. ...

.. ........

it

. .... .... ...
it :1 MU-11; it

0,
.... fit

tL .1 it 41 ;E1. 1.
+ ittl 1,111M, W.- tH

. .. ... .... ......

!tit iý-ý........ ...
tit

Tý A Vill
...........

........ .......

:Owlta

.... ..... 4,; it ! M 44 4; 4't

.. .... t;.Tlu IS M ,T

L .. . ... 
V

.... .. ....

... ... 41ý

M., UT

it.

.... .... . . . .... . .. ....

..... .... .. Tit, 4.4. Z... p .......

m q to aw i... ýwlo I:�

... 
.. 

...... I -UP
.1-i .4...

a: .. ... .... .... it 1:
77' vi4q:w !it

........ ....
a:

17
.... .. . .. .... lltl tiýi 1 4,1 11 iff P TH

iýjl t it jj 1ii ;:1: I

.. ... . . ... i+

x ft, 02

- -4. DO -XDQ 
0.00 

2.00 
4.00 

6.00 
sk.00 

ICLDO 
11.00 MOD

Figure A10(e)

A41



NOIJTR 69-219

I 'I - 7

Itl
lip 0 .

1-i

FigreA1(a

A42



NOLTR 59-219

TETflTL-P MMi NCTCLE 419TIME; 1'i.S1 -

-A43



NOLTR 69-219

D

4.. - P
I I-f-i...,..

I I

� K4 �I..,.,

t�. ¶ I t - .

0

0

�77
1�

0

:7-

0 .00 a. .: .�..

x

a.



NOLTR 69-219

I-, T. I.1

7.. .. ..

F7F

44



NOLTR 69-219

TLRL-tMR NTCE4STIME M151 Ir~



NOLTR 69-219

r~rL-P~ CTQ.E i5ýTE 1f F .

A.............

-.IF

---4

__4L, .. ........

Tý! I

A4-



NOLTR 69-219

.. ... . ...

.. .........

4f-i

I / //*.. .......

Dc Z..



NOLTR 69-219

At I 'l

....... ... ...........

..- t -4-~ 1............

.. ..... . .. .

.. ....-.. ... ... .. .... ....-.....

.. .. . . . . . ... .

lkA



NOLTR 69-219

LL F - -t M 6 !

.... ...... ... .. z

.2~w ......

.34.



NLR69-219

. .... . . . . . . . . . .. . .. . . . . --, . ----

tC~Ii~qTP1E:6Pc D.



NOLTR 69-219

.......................

TETO<tL1Hri VTCL 197T1I 1&lB 54

II

A5 2



XN. E6TR 69-219

.J~~ ~-. It '1=T~~1 TV"

L '71 71'

RO 1 I7~

---- ~ ----

,4,

- OD 0. 00 2.00 4.M0 G.DO 8.00 ic.. m ~ 0 114. ItL00 1&% m
x

ligure A 13(0))

A53



NOLTR 69-219

I~ T TTjT717,j
I -f

..L....+.............. ...{ K ~ -h

I t :jL.

. . . .... .... . . . . . . .

t777.

I I

71

.. . . . ..I

1.CI0D 0.00 2.00 11.00 6. 00 8.00 1.0 12.0 MO0D160

I"gurc A ~c)

A54



NOLTR 69-219

71~

jjjt.. -

L 4 ~~J~ ~ -1-~--4.1-,

J . -4 '

tt ....

j ~ .. 17... .. T

-4 4 -

L6o 00- .00 .O 2.00 Go .00 a.o Qofo 12.00 i'l oo I LO1.C

F'igure A 13(dfl

A55



NOLTR 69-219

"T; T. T-

ýw~ lit 4

LtT . .... .... L

TT .. .... ±

ps~~ ~~ . . . . ....

4.c -1.o Q. 00 2.0M 4.00 Cýa m 00 1 OD

Figure A 13(e)

A56



NOLTR 69-219

F. . ... .. ... .

TE~f~h4"t* NC~~L 5~8T~~........... .

4;

T IT



NOLTR 69-219

0T

1~~L-1F"f I4TCLE SIBTIME 20.5'i

.. .. .. .... I

rAli

W o. .4x I 3 3

3A



NOLTR 69-219

-7:

1 14

.11

:{f :1 j

Fiur A 4 (c

A 5S



NOLTE 69-219

If 1 Hi 1:. Rf i

I ME

AA



?4OLTR 69-219

.. .... ..

44- 
.. ....

4 . .. ...

7 -- 7!....



NOLTR 69-219

t -71 : Ml l.: I

I~~ R'---.-.. .i ... .. ... .. 
7rT~ist

........-.-

-7- J7 .....

LX 71

A4



NOLTR 69-219

4-T' -T.7i

145

... .....--- -------- -

.... . . . . . .. .. .. .

.. ... . . .. . . .

1. Ij xD



HOLTR 69-219

I :7 I

TI-h -iI-

Ti~l t4! I 1I~.2 J I L4 i 1

1 'P for 1,tn
ý11 7 '.1

A ~ A,

I h 7

... Li

t 7777'

4. UG -2.0 0.00 2.00 S4 .00 600 9.0t 10.00 12.C00 14.0.0

Fgu re A! 5 (c)

A64



KOLTR 69-219

... ....... t i i l l

W :.. -:w

1 t 7-77;
2tit

t I

--------

00 Q. DU 11.0 w A

Fi ý,ure Al 5(c2)

A 65



NOLTR 69-219

.~ ~~V W ... .

HA

1:1:';.z
_________________________________ _______________________________________________L7 7:,

0.0 .0 ~ 0 .0 .0 000 i00 ii.0TS0

!A,



NOLTR 69-219

~ I YTT 7T7VT7
I"T TT

77~~t;h 7iI>

.. . .. ..

I T~ TTT T,

CL.o 000 2.WO 4.O r)OG G..O DOC PLG i

V -ureA IG(a7



NOLTR 69-219

I-, ~ ~ ~ 4 ii iI i: 1~.

T: rillm~l~ Z
_I' U11 1 -H

tq!~ - .. ...

It PH

T b

T__
-~ 4 `1 I

!7

A IT F

K ~ ~ 7
I .....

H-t T

2ý. DO 0L.00 2. 00 4.00 O 8.00 1 U DO 1200 w'.O0 I0

X 02

A68



NOLTR 69-219

b .. ..... . i-~a ~~W-g-A+ ~ -

aa

F7.

Ti

CT

t - -- H

A6



NOLTR 69-219

_4 ~ J.I. T

7-1- -- 't

71A70



NOLTR 69-219

. ... .. . ....

TL'IfM tCLE6UTM 45



NOLTR 69-219

T .1 1.&A DO l i .0 . C .l 00 -IQ 00 11. CC. % CIO 1II if



NOLTFI 69-219

-~-+ --- -----

NT~vCLE 663T1?IME 2f. S2 ..

tf

5. i



NOLTR 69-219

-.. . . .....

'7 7

1. o,

aA



NCLTR 69-219

I: T

.. . .. . .... ..

it

... ... ...

2R K ýc 1. X__ _

aý Jc x



NOL'2R 69-219

tl T:.: ]I4 2I-l 13fl 1' ii 'I

I ~~~ ~ ! 14~ L ti]y l 12:
.1 F4 IF

4; i; ItJ,

.. ... .. ... .. . -1 1t 4

IA I

... ............ .1 ..... 4

-
I 77

.. .....1

4. 0 DD 0.0- 2. C) ými . rK 1900 1 CI 1 ý OD .14 U 6.

A76,



NOLTR 69-219

I~~~. .~fL .......Ej

k1'tl .3 / '

II

:4 .16...

7A7



NOLTR 69-2191

WIt

it

. . . . . .. . .r iI

1: 4s I

-4.~~~~ ~ ~ ~ DO - nD I.n h c. tLý1Y W b

FI.u oA ,1b

A. 78



NoLTR 69-219

till

ýi 3 till P1 IMU4 f
it II 010!i iiii

H a
lit

trt t 11 1.,ý I I 1 .7
... it ll;i .1 tit 1,

Ui Iý

-it ................ ...........
IMF F; ; I I; ;ýi; ;.I fl; 11MI711151M 

51
:it tlj !!ý; t

I 'I It 
i;!:

it rt

iii., Tit t' -1;ý

TIT 
.. ... tit t;:: I ..........

it

it .. .... ... ..... ..

F 7

ý:Tl Tit lit! ........

7M 17:i1i:: I
IT 

1;ýý

TT_ llo
it

7i!

"T
T7 7. 7171

:IL I o
F: 

7: 1: 17 T7 .-T,

piv it

Tf:ý
i: I

It

,It till
r til- rTý ::, 77 7 7 7 77777 7.7

4 ý it l id I

it i 11::! 1

4. Do &Ua 8.00 EL w MOO ir. 00

x

Figure A18(c)

A79



NO.LTR 69-219

pit It kifftl 1 uN

ut It R H1F11

Ir

.~ ~~y: .7 .. ....
-2.00 I ~ i~ T."

2.0 4.0 600 .0j::Q ..0 ....0 JIM.C

itFigure ATit(d)

A 807



NOLTR 69-219

tt

-. 44

- 7-

24

t-

4- o . O . D 400 Cl D P (W D IC.-I

Tx

Fi tire A1I8(e¶)

A61



NOJLTR 69-219

T~4L

L 
i

A82



NOLTR 69-219

I T7: oi ¼ i

i k'I

it. I' d~~L4.*&~If4 4- t HIM -

II 4:V7:

-"t.OO ~ O O.OcI ~ O LOG IOiT ~ O *O

ý7A

1'igut lip~b

A783



NOLTR 69-219

4 1 iiijj;~~'~i .~fKJI, mmi'rv

~~L-l Tim~

_'44.4

474

~~ I ME
4. ... ..

4 l 4

... ... .... ... ... i



NOLTE 69-219

AIL.

!-4-

i a. D I I4-

A85-



NOLTR 69-219

.. .... ...............

... . 4.......... .

tL



NOLTR 69-219

Tc-L P mm MCC7~7 y¶)

d4

1-

-~ / / / / i~ ~4-t



NOLTR 69-219

C

WU W
ý7

t
'i tul bn

ot 
A

Immupw PUT 1 .1 MW

p P; Is-T;; R tilt impili

33 Ms!;; pl illl Ili! "N t

IJ" 111 iý ii
'il iii, J !14' Pý

- it

al a 11
11 us WIN, "N, T it

lvrti "M 14

fy 11: M4 1-

Tit t

I'l 3, tt " I

lot tic 0 R'*;wwFmvwf
Illtil:4i T tU. 4-ý7 dot iiii "Jit -_'A -.K -; 7 1

A-T

Q

so 72ýii _dtl;WITT"t

7-

-'7 7

IT 17

ýL I id
A 4--

TH !117:

I iiflfifl'

TIMOR 1 do d ;:i4f
'U6 m -2.00 Q.W 2.M 4.M F.00 86OU MOO 12.00 141100 ifftm

02

Figure A 20(e)

A88



Security Classification

DOCUMENT CONTROL DATA- R&D
(Security clail firsic~t, O of title b•od• Of absrtract and mndexiiia fnnotatton must be intered when tm -".reil report o Cclassified)

I ORIGINATIN G ACTI'./lY (Corpora.. author) ze RCPORT SECURITY C L. ASSlFICATION

U. S. Waval Ordnance Laboratory UNCLASSTI7ED
1Vhite Oak, Silver Spring, Md 2b GROUP

3 REPORT TITLE

Simulation of the Dynamical Loading of PWA in the 0OL Regular Card Gap Test

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)

5. AUTHOR(S) (Last name, first name, ;nitial)

Fisher, E.E., Johnson, R. G., PulaBi, R.F., Honeywell Inc., Systems & Research
Div, Reaearch Dept, St. Paul, Minn.

6. REPORT DATE 7a TOTAL NO. OF PAGES I 7b. NO. OF REFS

2 April 1970 133 I 9
go CONTRACT OR GRANT NO. 98 ORIGINA-rCR'S REPORT NUMBER(S)

N6o921-69-M-2003 12135- 219b. PROJECT NO. N~OTTR 69-219
ORD 331-0021/092-1/UF 19-332-302

C. 9b. OTHER REPORT NO(S) (Any other numbers that may be asaigned

this report)

d.

10 AVA IL ABILITY/LIMITATION NOTICES

This document has been approved for public release and sale,
its distribution is unlimited.

I1. SUPPLEMENTARY NOTES 12 SPONSORING MILITARY ACTIVITY

Naval Ordxzarce Systems Comnand

13. ABSTRACT

Results are presented of a computer simulation of the flow induced
in a Plexiglass (PMMA) rod by a charge of tetryl. The charge and
the rod are the standard donor and attenuator of the Naval Ordnance
Laboratory Large Scale Gap Test (ISGT). The computations provide a
better understandirg of the flow and hence of phenomena which have
been observed in PMMA rods during calibration studies of the LSGT.
They also give data on the shape and duration of the pressure pulse
(in the PMMA) which is transmitted into the acceptor explosive in
the LSGT. Such data are needed in the study of shock sensitivity
of explosives.

FORM A __D D ISecuy1473 UCassiMfi
Security Classification



Security Classification
14. LINK A LiNK B LINK C

KEY WORDS
OROLt WT ROLEi WT MOLE wr

explosives
sensitivi -y

computer simulation
high pressure flow

gap tests

INSTRUCTIONS

1. ORIGINATING ACTIV'TY: Enter the name and address imposed by security classification, using standard statements
of the contractor, subcontractor, grantee, Department of De- such as:
fense activity or other organization (corporate author) issuing (1) "Qualified requesters may obtain copies of this
the report. report from DDC."

2a. REPORT SECUR[TY CLASSIFICATION: Enter the over- (2) "Foreign announcement and dissemination of this
all security classification of the report. Indicate whether
"Restricted Data" is included. Marking is to be in accord- report by DDC is not authorized."
ance with appropriate security regulations. (3) "U. S. Government agencies may obtain copies of

this report directly from DDC. Other qualified DDC
2b. GROUP: Automatic downgrading is specified in Doi) Di- users shall request through
rective 5200. 10 and Armed Forces Industrial Marual. Enter
the group numbe:, Also, when applicabie, show that optional
markings have been used for Group 3 and Group 4 as author- (4) "U. S. military agencies may obtain copies of this
ized. report diectly from DDC. Other qualified users

3. REPORT TITLE: Enter the complete report title in all shall request through

capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, -how title classification in all capitals in parenthesis (5) "All distribution of this report is controlled. Qual-
immediately following the title. ified DDC users shall request through

4. DESCRIPTIVE NOTES: If appropriate, enter the type of .__
report, e.g., interim, progress, summary, annual, or final. If the report has been furnished to the Office of Technical
Give the inclusive dates when a specific reporting period is Services, Department of Commerce, for sale to the public, indi-
covered. cate this fact and enter the price, if known.

S. AUTHOR(S): Enter the name(s) of author(s) as shown on 11. SUPPLEMENTARY NOTES: Use for additional explana-
or in the report. Enter last name, first name, middle initial, tory notes.
If military, show rank and i"-vwh of service. The name ot
the principal author is an absolute minimum requirement. 12. SPONSORING MILITARY ACTIVITY: Enter the name of

the departmental project office or laboratory sponsoring (pay-
6. REPORT DATE.: Enter the date of the report as day, ing for) the research and development. Include address.
month, year; or month, year. If more than one date appears
on the report, use date of publication. 13, ABSTRACT: Enter an abstract giving a brief and factual

summary of the document indicative of the report, even though
7a. TOTAL NUMBER OF PAGES: The total page count it may also appear elsewhere in the body of the technical re-
should follow normal pagination procedures, i.e., enter the port. If additional space is required, a continuation sheet shall

number of pages containing information, be attached.
7b. NUMBER OF REFERENCES Enter the total number of It is highly desirable that the abstrsat of classified reports
references cited in the report. be unclassified. Each paragraph of the abstract shall end with

Ba. CONTRACT OR GRANT NUMBER: If appropriate, ent, iun indic, ,ion of the military security classification of the in-

the applicable number of the contract or grant under which format .n in the paragraph, represented as (TS),, (S). (C). or (U)

the report was written. There is no limitation on the length of the abstract. How-

8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate ever, the suggested length is from 150 to 225 words.
military department identification, such as project number,
subproject number, system numbers, task number, etc. 14. KEY WORDS: Key words are technically meaningful terms

or short phrases that characterize a report and may he used as
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi- index entries for cataloging the report. Key words must be
cial report tumber by which the document will be identified selected so that no security classification is required. Identi-
and controlled by the originating activity. This number must fiers, such as equipment model designation, trade name, military
be u•ique to this repoit. project code name, geographic location. may be uscJ as key

9b. OTHER REPORT NUMBER(S): If the report has been w-,s hut will be followed by an indication of technical con-

assigned any other report numbers (eiiher by the originator text. The assignment of links, rales, and weights is optional.

or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter .ny lim-
itations on further dissemination of the report, other than those

Security Classification


